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CERAMIC SHEU MOLD PROVIDED WrTH REINFORCEMENT, AND 
RELATED PROCESSES 

CROSS^FERENCE TO RELATED APPLICATIONS 

TO, application i. related tt. Pravielonal Application 6(V093,633. 

BACKGROUND OF THE INVENTION 

TO, invention relates gene^l^ to metal ca*n9. More .pedftcally, it relates 
r use. in tne castin, - ^t- components, =on*oner*s 

made from superalloys. 

The casti,^ of m«al. I. c«,i«l out v«ious techniques, such » 

,0 contain and snap, the m-al ^ it. r-ott- Ti" ^ , " 

0, tr» moid a™ vary in^ ^ --^ '^JZZ 
proper dimensions. These shel. moid ch«ad«»s«« are ..p««l^a^^ 
maLaCuHng high pe,.crm»«. cortpor-nts, a. superlioy pats used 
in the aerospace industry. 

ca-in, .-uniques often re^ v«y high temperature. e^„^ 
the range Of about I^CC to ITSO-C M«,y cc^onal shell molds do ^ 

susceptible to bulging and a««ng «h«, they a.. fiiW 

tower temperatures). Bu^ ".'^'ir^ 
causing undesirable var«ic«»,th. component being cast Cracleng could 

result in failure of the mold as the molten material nms out of .1 
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aearty greater strengm «d Omn^ «• -"Mr.- for she« 

121 a. very K* casOn, «-r^. or .or .hc« » ca. 
r The problem IS addrewed by J. Une et al in U.S. Patem 

r^^r .saos-e, n»«. are «,«^.n.d by wrapp., a 

Zfr^lr^orcing matena, arour«. me *-l r.»W a, H Is bin, 
!r^d lodlen... me -eWor^n, „««rta, s»d .o be an ^ 
r^>^s^ ceramic co^on having a ^^ '^ 
^ ^ The reWoran, materia, is appa™r«.y «rapp«i <n ^ 

Le inclusions of either sMca- or ah^rtna-oontaining compounds. Th^ 
Slcandegrade^physlcal^--^^^^^^^ 

diL^es Will make fab-icatl*. of a cacK^ mold more d.ma.t 

K Should be apparar* that ^.fh« in me propertes Of she^ 

ITds used under me oontfHior« desolbed abov. would be ^'"--^ 
rTheshei.mo.ds^haveme^rengm.owim.tandhig.m.^1-^^ 

temperatures, and should be ««abl. for ca-ing large P»t.. The molds 
ZTa so be dlmensionaily s»b.. at lev-ad 

various heating/cool.g cyc^- « «- ^ 

,^ed by me use Of reir^ordng mat«i-., mat,r»ls -»uW b. 
ZIl. eno^, before being f,red, to saSsfy m. ««pe requWm^ ^ 
especially When intricate metel c^ponant. are being c»., F^lly, the 
of improved Shell molds st»uld be economiclly .ea»b.., 
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not requiring the use of a significant amount of additional equipment The 
use of the new molds should not result in undesirable increases .n the cost 
for manufacturing metal parts in the investment casting process. 

SUMMARY OF THE INVENTION 

The desired improvements discussed above have been obtained by way of 
the discoveries upon which the present invention is based In one aspect, 
the invention is a ceramic casting s^^ll mold having a P^^'^'^^f /^^^^^ 
and comprising repeating layers of a ceramic material which define the 
thicRness and shape of the mold, and a ceramio^ased mat ^.sposed .n t^^^ 
layers of ceramic material. The mat substantially conforms to the shape of 
the mold, providing the mold with stnictural reinfon^ement. In many 
embodiments, the casting shell comprises: 

(a) alternate, repeating layers of a ceranic coating material and a ceramic 
stucco, defining a total thickness of the shell mold; and 

(b) a ceramic^sed mat of reinforcing material disposed in the alternate, 
repeating layers of coating material and stucco at an intermediate thickness. 

The reinforcing material for the mat is usually a silicon carbide-bas^ 
material, or an alumina- or alumlnate^ased material. Mixtures of any of 
these materials can also be used. In preferred embodiments the 
reinforcement mat comprises fibers having a bi-**'-^^"^^"^ 
Moreover, the mat is preferably placed ^thin about 1 0% to about 40% f the 
thickness from the inner wall of the mold, or within about 10% to about 25% 
of the thickness from the outer wall of the mold. 

Furthem,ore. openings v*m th. surface of the mat are lerj. «»u,h to 
allow the passage of ceramic partides when the mat is prepared from me 
coatir^ materia, and the «uc». Moreover, m prefened embodiments, the 
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eo,«ici«,t 0, tt-rmal expanston (CTE) o. W ma. U w«hin about 50% o. «>. 
CTE of me shell mow layars ln«hlch ilwiU be inserted. 
A memod for mawn, a ce^mic cUng *e., mold 1, al» d.«ribed, 
comprising the steps of. 
s ,n applying a ceramio*ased rein(bn«t»nt mat U, a ceramio la^- 
!!LJc a partial shell mold, e.,., o™ being made byan Uweeunent caet^ 
process; 

(„) completing the shell mold by applying additional ceramic layers over 
the reinforcement mat; and then 
10 (III) firing the shell mold at an elevated temperature. 

Shell molds prepared by the method of the preset Invention exhibit 
^„ iJprovements In str«.m and <^^f^^^^ 
^.nperatures, as o».pared to many =. the shell mold, of the pnc, a-t 
IZs or metal alloys can e.r,ci«,«y he cast in «Kh shell mo«s, such as 
IS nickeWased superalloys. 

DETAILED DESCRIPTION OF THE INVENTION 

The ceramic rtiell molds which « reinforced according to the present 

^««onareKnow„in.he^ ""'^'^ri Itl 

^ mvesu^en. casUng Is «de^ available. Ex«hplary sour^ ^ 

20 infom-tlon are as *.llo«: /«<.0«,mer B«,«tope*a o^C^ 

Teeonotogy. 3rd Edition, Vol 7, p. 798 e. seq.; Modem Meta/*o*n9, by J- K 
rJ^Goodheart^^-lcoxCo.. 1965; sWf Mo«ng and S.e,, Mo« 
Casfinss by T.C. Du Mond, Reinhold Pubhshirg Corp., 1954; and CasSng 
aiLtlng ^ m U^m. by X S. Can.be.1, Jr., McGra««l 

25 Boole Company, inc., 1950. 
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««e«d Of refractory particles (e.g.. refractory 

^ p»..es, ^^J'^ZJ, materials, a.un,lna.a*a«d 
typical r*«too, part.*. «»^««^ Various 

Wlowing a« «amplaor, " a.,; 4,086.311 (Huseby 

Patents 4.998,581 (Lan. at a.M.WT.Waj^ (G,„,ovi*); 3,972,367 

et alV, 4,031,945. (GiflUotti, Jr. et al), 
Io.g«,Jr..t-);«.<'3.9«,616t6tf*,Jr.e.a«. 

^ cestlnQ technique which is esp«=l.«y suitable for the pre*.nt 

in,ent«.n » ^ is immersed repeat«lly «< a 

pattern (i.e., . replrea of the part being « ) ^„phate*earinB 

U suirr, 0. refractory »-*;^^":;": Las, e.,., a, 

binder. Usually, the slurry .s h«hly ^ an 

,as.about40v.u^pe-.;^--rirpro.ded be^en 

rrrzr:i.^.«;trr:e"::^» 

^r a ^^cient thicKoes. 0. »™mic has^« up - ^ 

rr^::— iror.:^eca:n,.ocess. 

rrrrrripa«e.is.,«.^.;^ 

• ..-inorf- uoori with additional ceramic matenats, e.g., 

, rr:::.^.--^-r-rrar^^^^^^^ 

Z rr;t:rma.er,a.s on .e 

steps are conventional. e.g.. wax removal and firing. 
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used her«n. ^ term based ™^«o P ^^^^ 

„ a .eve. o, greater ^ abcu. SO* W we^^ ^ „ ..icon 

contain other ajnetituerts as v»ll, e.Q., <*« ceram 

dioxide, boric oxide, and the iike. 

compos*. 0, the '^^^^ZZ!:^^^^^^ 
eo^ofthem,,. «<P«»«n (CT^ ^. ^ 

A, us. .«nper*.r.s in tl» ran,. ^ .s 

layers. 

^ ™t i. us-v - - r Lr:r ;tr .rTa 

above. In some inslances. the fibers a^e p ep ^.^ 
* ^t^snrffi Of the ceramic materials. (For tne purpu» 

disclosure, "strands are me w a 

m*s a« the NexteW matena.. .9., Ne- « MO^ 
28* siiiccn ^oxide, 2* boHc oxide, by ^^^^ 39* 

,5 o«de and 27% siikx^t ^oxide. b, -^h.)- -^^^^ 

n 5^ a* silicon dioxide. 0.4-0.7 iron oxide, oy weig. i, 
aiuminum ox.de, 0.2-0.3% sihcon ^^^^^ 

Nexte^S 720 (85% aluminum oxKle and 15^ «U» ^ 
maeriais are avaiU*ie from 3M ComW and have a d, 
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^ 10-12 rue™,.. They a« deterlbed, for example, in Cerame Ox* 
fibe«- B*i«9 Btocte tor >»PP»=a»». by T.L. Tompkins, repnn. from 
C^mfc InMry. Apr« 1995. «h» » i'««PO«'«i 
T^e fiber. u««.^ have a dian«.er In me range of about 25 -^^^-^ 
2000 mloron.. In preferred en*odi™n.s, me diame.« » .n 
about 260 mlcrans to about 1000 microns. Thus, as an example, .b«rt 25 
.wnd. 0. one o, the Nextet ma.er.ais can be ^ » -or- • «^ 
0, me desired diamet«. shouid be .«ders.ood ma. s.ran<.s hav,n^ma.^ 
or larger diameter, man me N«<tel materials could be employed.) While m. 
fiber, couw be .wi*ed ma^ally, n«chanicai techniques for ^«st,n9 he 
to fbon me fiber »e well-Known in various fields related to textiles 
and oordase. e.9., a. de««bed In the £ncyetop««a Amencana, Amencana 
Conxxation, VoL 7, pp. 681-685b (1964), which is incorporated herein by 
reference. 

T,« fiber, whi* are used for the n»,t have a bWi^etional orien.a«on. In 
omar words, fiber, are general^ .nua.«. cross-wlse » each "^^^^ 
also usually inte^oven. Woven fabrics are often descnbed ,n t«ms of me. 
warp (vertical fiber.) and meir weft (hortontti fibers). In me preeen. 
i,^, me v«fi»l and honzorvtal fibers are usually oriented a. about 90 
rrtatlv. to .«:h om«, since manufacturing processes usually provide such 
anortertation. Howevw, m. degree o( orientation can vary somewhat 

The mat can be made by weaving me fibers, using machirwry wall-known in 
m. textile arts. l.*.m.ition regarding weaving, textlte machinery, and woven 
.abrtc. can befound, for example, .^E,^pe^An:e,ic^'.^^ 
Corpor-ion, Vol. 26, pp. 467b^1 (1964); and Vol. 29, pp. 651-652 (1964^ 
bom .ext. being incorporated herein by reference. Manual weaving of me 
fibers is also pos*la. The mat usually has a micknes. of abo^ 25 micron. 
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to about 2000 microns, and preferably, in the range of about 250 microns to 
about 1000 microns. 

The present inventors discovered that a mat fomied from ceramic fibers with 
a bi-directional orientation provides significantly greater strength to the shell 
mold, as compared to other types of fibrous reinforcement. As an example, 
the mold was found to be stronger than a shell mold prepared according to 
the teachings of U.S. Patent 4.998.581 (J. Lane et al). The Lane patent 
describes the use of a continuous fiber wrapped around a portion of a shell 
mold in a single direction. 

As mentioned above, the fibers in the mat are usually arranged In the fom» of 
a warp and a weft. Usually, the warp and the weft are formed, independently, 
by fibers which are positioned (usually parallel to each other) at a frequency 
in the range of about 5 fibers per meter to about 100 fibers per meter. In 
some preferred embodiments, the frequency is in the range of about 10 fibers 
1 5 per meter to about 50 fibers per meter. 

One factor in detemiining the char'ader S me w^rp ind the^ft Involves the 
openings between the intersecting fibers. These openings should be large 
enough to allow the passage of the refractory particles present in the slurry 
during preparation of the shell mold. In the case of alumina, the slurry 
20 particles are usually discshaped (i.e., tabular alumina) or sphere-shaped, 
and have an average diameter in the range of about 40 microns to about 75 
microns. Particles made from other ceramic materials may have different 
shapes, but will usually have approximately the same diameter as the 
alumina particles. The average area of the openings between the warp and 
weft is usually at least about 108 square microns, and preferably, at least 
about 4 X lO^O square microns. 



25 
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based -««riato, aluminale^sed matenals (su* a, y»nun 
from *. c.r««.e ' 3g,„„, ,efoam,ng agerU, or 

pa^n, «hr«««l pr.v,ou.hr. "'^J^^'^,^ .^^.e 3tt«,«on when 

rr r:. - est jn. . . a. . 

the ambient environment 

,^..a,a,a^-.-^^^:^^^^^^ 

.urry coal .«« *yln9 ("^ "^^^^ ' rloul 20% 

80%«abou.100*bywel**o.m,aU«n,naWn«.J^n^a 

« about 0% by weight of the binder materia.. Small amount, 
compon«>t8 are sometime, present, su* as zircon. 
, TMn»*.c,«™...».a,.c.se..nceisrep^.^i^c^^^^ 

«»de,i™d«*Kne,.o.t.»™ld "-^^^ ^^'p^ some end 
^ layer/stucoo layer p«r. are -^"'^^ ^Z^^ „ ^„ 3^ 
uses about 10 to about 18 layer pairs ace applied. At one 

te .e^uenoe 0, appiyin, .1-r, and stucco aggregate layers, me layer 
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application i. lemp<»Brily M ^ ^ •^'^ " """^ 
into the partial Shan mold, as described below. 

AS a r«xe specific illustration, a wax pattem of a m«al component (su* as a 
tTe b^dTor nozzle, can be immersed in the slur^, and then w^*- 
5 and dram^l, as taught . U.S. Pate^ 4,026,344. T^e we. ««f«. of «» 
„*,y^ pattern can then be sprtrtded with the stucco aM«g«. m a 
flu^d b«..l. then air^. the process is then repeated a, many 
Z as is nacessary to p^duoe a desired micKness o, successtve siuny- 
c«anic layers with a stucco lay* in between mutually adiaoent layers. 

10 usually, the ceramic parScles in the first cer»nic slurry layer/..uc« 1^ 
U and possi^y the second layer pa., have a size less than the pa,**s m 
^ssi« layers. As an example, the a«r.8e oeramic parade s« of 
.U«. ^ the first pair of iay« is preferably las. «,an about 200 m,«n.^ 
Vy, average particle s« of stucco in successive lay,« usually « th. 

15 range of about 200 microns to about 800 microns. The larger par«cl. «e m 
Jsuc^ssive layers permits mold thickness to be increased rapK«y. La^ 
partid. Sizes a« also someumes used to control the Shrinkage of the mold 

Particles from the siuny layers end/or «ucco layer, adiaoent to me 
reinforcement mat te«l to flow through the op«iing. in the mat a. addrtton^ 
20 layers of sl^ and stucco a« applied to complete the moid. This moveme^ 
of particles trough the opening, is important for »m. «nbod»«nt. of m. 
present InvenUon, because it provide, further *™nglh and rtffhes. to the 
mat when the completed shell mold is fired. 

A. mentioned p^viouely, the ce-amioW ralnforcement ma. is usual^ 
25 inoorpora.ed Into me p«1ialy*nned sl-U mold (I.e., U wall at a 

« Jed, in^m^dlate thickne^. The exaC 'depm- of the mat wth,n th^ 
mold is dap«,dent on vartous factors, such as mat thickne«. the compos.t«n 
of me mold layer., me w« of fib*, used to fonn me mat and me shape of 
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the mold For simpHdty herein, the mold will be considered to have an "inner 
Which forms the cavity into which .^Iten metal is poured to pro uce^ 
shaped casting. The "outer wair is opposite the inner wall. ..e.. rt .s the wall 
farthest away from the cavity. 

H IS of«n p«fe»ble to place me relnfo.«m,nt mat at a poslUon off^nter^ 
1. wa.U.h'd««« 0. the moid, me present inventor, have d,scov«- 
mat such a position appears to ^sult in enhanced mold strength. In 
e,p«l-ly P«fe.r«i embodiment., the trat is placed a. a wall thicRness as 
Z^J^ .0 the i,«er v»ll Of the m*., wimou. adverse^ a«eC,n, ^ 

cavity -^(e*.***""***^-* 

mat is prefer-bl, plac*. within about 10* to about 40% of me micknes, from 
Z Zr wall r*e mold, and most preferably, within about ,0* to abo^ 
«* 0, th. thicKnes. *»n the i,«r wall ^ the mold In other pre^rred 
embodim«*., the mat is placed at a tNckness as dose as possible to the 
outer wall of the mo«, a.g., with^ about 10% to about 25% of the m,cKness 
from m. outer wall. ,PI«««nt of me ma. too dose to the outer wall may n^ 
provide the desi«d stiensm to me inWtor regions of me moldV In 
detem-inlng m. most appropri* position fbr me mat, mose skilled In m. «^ 
can va-y its position and men ««luat. me re»dting physical properties of me 
mold, based on the teachings herein. 

More man one reinfo«emen. mat could be used in me shell mold M an 
^te, a f^ mat 00^ be disposed wHh^ about 1 0% to about 40% ^ me 
i,»»rwall Of me mold, »k1 a sec<«d matcoUd be disposed w«h,n aboa 10* 
,0 about 25% Of ma outer v«ll. Two mats c be used in situations where a 
5 very high degree of mold strengm is required. 

A face of me reinfbr«mart mat is applied against me substantlally-pan.llel 
fece Of me outemiost layar of me partial shell mold. Usually, there is some 
adhe«nce whid, keeps me mat in place while subsecf,ent 
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slurry/Stucco layers are applied; or the mat can be kept in place in the same 
manner that the other layers are usually kept in place during the mold- 
building process. After insertion of the reinforcement mat. the deposition of 
subsequent ceramic slurry/stucco aggregate layers can be continued as 
5 before, until the appropriate mold thickness is obtained. Usually, the mold, 
once fired, has a total wall, thickness (i.e.. from the inner wall to the outer 
wall) in the range of about 0.50 cm to about 2.50 cm. and preferably, about 
0.50 cm to about 1 .25 cm. 

In some instances, cores are incorporated into shell molds being fabricated 
10 according to the present invention. The cores are often used to provide holes 
or cavities within the mold, and they may be fornied by using inserts of 
vitreous silica, alumina, aluminates. or any combination of such materials, for 
example. The core material is removed from the final casting by conventional 
techniques. Many references describe the use of cores, e.g.. Modem 
15 Metalworking: Casting and Forming Processes in Manufacturing: and U.S. 
Patents 4.097.292. and 4.086.311^all mentioned above. The reinforcement 
mat of this invention assists in maintaining proper metal thickness around 
cores within the mold - especially when the mold would normally be 
susceptible to creep and distortion at high temperature. Precise control over 
20 the size of cavities within the mold is often critical when fom^ing metal parts 
which have intricate shapes, and/or which have very rigorous dimensional 
requirements. 

After the shell mold has been completed, the wax is removed by any 
conventional technique. For example, flash-dewaxing can be carried out by 
25 plunging the mold Into a steam autoclave, operating at a temperature of 
about 100-C - 200»C under steam pressure (about 90-120 psi). for about 10- 
20 minutes. The mold is then usually pre-flred. A typical pre-firing procedure 
involves heating the mold at about 950»C to about 1150'C. for about 60 
minutes to about 120 minutes. 
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The shell mold can then be fired according to conventional techniques. The 
required regimen of temperature and time for the firing stage will of course 
depend on factors such as wall thickness, mold composition, and the like. 
Typically, firing is carried out at a temperature in the range of about 1350<'C 
5 to about 1750^0, for about 5 minutes to about 60 minutes. As the mold is 
fired, the fibers in the reinforcement mat (or mats) react with the ceramic 
material in the shell mold. This reaction bonds the fibers to the shell mold, 
providing greater strength and creep resistance to the mold. 

Metal can Immediately be poured into the mold at this time, to carry out a 
10 desired casting operation. Alternatively, the mold can be allowed to cool to 
room temperature. Further steps which are conventional to mold fabrication 
may also be undertaken. These steps are well-known in the field of shell 
molds. Examples include techniques for repairing and smoothing the 
surteces of the mold. 

15 It should be apparent from this discussion that another embodiment of this 
invention is directed to a method for making a ceramic casting shell mold, 
comprising the following general steps: 

(I) applying a ceramic-based reinforcement mat to a ceramic layer- 
surface of a partial shell mold formed by applying successive ceramic layers 

20 over one another, 

(II) completing the shell mold by applying additional ceramic layers over 
the reinforcement mat; and then 

(III) firing the shell mold at an elevated temperature. 

Various other details regarding the processes of the present Invention are 
25 provided herein, e.g., in the following examples. 
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Shell molds like those of tfie present invention are used for casting aj.de 
atty Of metals or metal alloys, such as Itanium and nicke.^ased 
supelys. Thus, components made from sudimaterlals^^^ 

shell mold are also within the scope of this invention. 
5 The following examples are merely illustrative, and should not be construed 
to be any sort of limitation on the scope of the claimed invention. 

EXAMPLE 1 

sample molds v«r. prepared, using e«w«*iona.*...moUlte*no1og^^^ 
steps were as follows (wfth n«ld reWo«men. belnfl carried oU wthm me 
10 sequerwe of steps, as described betow): 

(1, A wax pattern is dipped ir*. a slurry of ^5 mesh tabular aUimina and 

silica binder, 

(2) The coated pattern is drained; 

(3) The coated pattern is men placed in a rain machine wfth SO^rit fused 
15 alumina, for about 15-20 seconds; 

(4) The pattern is a'lr-dried; 

(5) Steps 1-4 are repeated; 

(6) Tt« pattern is dipped m a suspension of -240 mesh and -325 mesh 
alumina, vwth a silica binder, 

20 (7) The pattern is dipped in a fluidized bed of -54 mesh alumina; 

(8) The pattern is then air-dried; and 

(9) Steps 6-8 are repeated 8 times. 
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For the purple of *is d«ertption, Ihe V^a-y « defined as the first 
^ layers applied in steps M, «hiie ^ "s^ondary coats" are defined as 
«« lay«» applied in steps M. Reotang^T «ax patterns were used to 
the molds. A«er falHication. two opposing walls of me mo^d w«e 

scaped «ay to leave two fl« l^irs. The l«s (20.32 cm Ion, and 2.64 a. 

wide) were then fired 8t 1000-C in air, to develop additional handling 

strength. The molds were then flr«i at at»ut ISSO-C, prior to evaluation. 

The bars were uncracked after being fired. 

The mat wa. made by first twisting together a number of strands of Nexlei® 
*«, material, to form fibers for the warp and the wefl The fibers had an 
average diameter of abo,* KW) atoons. The fibers were then manually 
woven in a sut«taitlally e,uare pattern, with parallel fibers being spaced 
about 10 mm from each other. This p.ovid«l op««ngs in the mat of about 
10,000 microns by about 10,000 microns 

For the sample based on Ihe present lm«nticn, the mat was inserted Into the 
panial *«1. mow between applications of the 3rd and 4th secondary coaU^ 
Thi. position repreaented the completion of about 30% of the shell mold. (« 
«»,uld b. noted that the midpoint of individual layers of ceramic coating and 
cerairtc rtucoo does not always cor™««nd to the center of the wall 
thickness Of th. mow. This is due in part to variation in the thickness of the 
IndMdual layers e.g., b«aise of variatioos In ceramic particle s«, as 
discussed above.) 

Three art. of sample, were prepared for lesSng. (Each set ua^aily included 
aboU 3 samples, and the results were provided as a range of values). Set 
5 was a comparative shall mold prepamd as described above, with no 
reinforcement of the mold. The rtu,ll molds of set 2 were prepared ,n the 
same manner, but with unidirectional reinforcement This reinforcement was 
achieved by winding a ceramic fiber (the same type used for the mat 
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, . ^fter the mold was about 30% complete. 
^.s. at>ove .0 this ^^^^^^^^^^ ^ ^ed out in a manner 

reinforcement. , . »w« 

bars «r. maeWnsd from »» n»lds described .n the 
For tesung purposes, "era " only the exterior of the mold was 
^. after molds had beer, s,n^^ «^ ^ ^ o. the bars an. 

machining was 2.3 cm. 
machining operation. 

. « A «m scan was performed on each bar 

For mis test, e«h ^ «itin« 1. shown in 

pieces. The strength (in megapa«»"s) of «Kh b« . 

the table-. 
Table 1 

comparison of Shell Mold Strength 




■TstFength atlsSO^cT^S^i^^d^^ 
20 each sample was 1550»C. 



Sinter temperature 
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Comparative samples. 
•** Samples of present invention, with "cross-ply" reinforcement 

It can readily be seen from the data that at high temperatures, there is a 
substantial improvement in strength for shell molds reinforced according to 
5 the present invention. 

Moreover, the shell molds of the present invention appeared to exhibit 
substantially less dimensional change at 1550»C. as compared to shell molds 
whidi did not contain any reinforcement. 

EXAMPLE 2 

10 Two sets of test bars were prepared for comparative testing: set A outside 
tiie scope of the present Invention, and set B within tiie scope of the present 
invention. Each test bar was 6 Inches (15.2 cm) in length; 0.75 inch (1.91 
cm) in width, and 0.25 inch (0.64 cm) in thickness. The set A bars vtere 
prepared as in Example 1. without using any type of reinforcement mat. The 
15 set B bars included a hand-made web of ceramic fibers, prepared from 
twisted strands of Nextel® 440 material, applied to a partial shell mold. The 
web was prepared by interweaving spaced horizontal fibers (1 cm apart from 
each other) with spaced vertical fibers (also 1 cm apart). The shell mold for 
the set B samples was tinen completed by the use of tine secondary coats of 
20 slurry and binder, as in Example 1. so that the web was positioned witiiin 
about 30% of the inner wall of the mold. After the shell molds were sintered, 
the test bars were machined to the dimensions set forth above. 

Each sample was individually placed across a span, i.e., a "sag fixture", in 
which tiie two supports were 1.5 inches (3.8 cm) high, and 4.5 inches (11.4 
25 cm) from each other. This stnjcture permitted tiie center of the sample to 
move without restiiction if it were to sag. Each sample was then heated to 
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1600»C and held at that temperature for 1 hour, followed by furnace-cooling. 
The samples from set A (without any reinforcement ) sagged to a greater 
extent than the samples of set B. 

The results of these sag tests demonstrate that reinforcement of the shell 
5 mold according to this Invention results In greater sag-resistance at high 
temperatures. The modulus-of-rupture tests described in Example 1 further 
demonstrate greater strength for the reinforced mold. These properties will 
result in less distortion of the mold when it is being heated prior to metal 
casting, and when It is slowly cooled, 'after pouring (but prior to solidification). 

10 While preferred embodiments have been set forth for the purpose of 
Illustration, the foregoing description should not be deemed to be a limitation 
on the scope of the invention. Accordingly, various modifications, 
adaptations, and alternatives may occur to one skilled in the art without 
departing from the spirit and scope of the present disclosure. 

15 All of the patents, articles, and texts mentioned above are Incorporated 
herein by reference. 
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What is claimed: 

1. A ceramic casting shell mold having a pre-selected shape, and 
comprising: 

(a) alternate, repeating layers of a ceramic coating material and a ceramic 
stucco, defining a total thickness of the shell mold; and 

(b) a ceramic-based mat of reinforcing material disposed in the alternate, 
repeating layers of coating material and stucco at an intermediate thickness. 

2. The shell mold of claim 1 , \A^erein the reinforcing material is selected 
from the group consistirtg of alumina-based materials, aluminate-based 
materials, silicon cari:)ide-based materials, and mixtures of any of the 
foregoing materials. 

3. The shell mold of claim-1, wherein the ceramic-based mat comprises 
fibers having a bi-directional orientation. 

4. The shell mold of claim 3, wherein the fibers in the. mat are an-anged in 
the form of a warp and a weft, and wherein the mat comprises openings 
between the fibers in the warp and the weft. 

5. The shell mold of claim 4, wherein the warp and the weft each 
independently contain about 5 fibers to about 100 fibers per meter. 

6. The shell mold of claim 5, wherein the warp and the weft each 
independently contain about 10 fibers to about 50 fibers per meter. 

7. The shell mold of claim 4, wherein the openings are large enough to 
allow the passage of ceramic particles of the coating material and the stucco 
during a sintering process. 
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8. The shell mold of claim 7. wherein the ceramic particles comprise 
alumina. 

9. The shell mold of claim 1 , wherein the coefficient of themoal expansion 
(CTE) of the mat is within about 50% of the CTE of the shell mold layers in 

5 which it will be inserted. 

10. The shell mold of claim 1. comprising an inner wall adjacent a mold 
cavity, and an outer wall opposite the inner wall, said walls being separated 
by the total thickness of the shell mold, wherein the mat is positioned within 
about 1 0% to about 40% of the thickness from the inner wall. 

10 11. The shell mold of claim 1 , comprising an inner wall adjacent a mold 
cavity, and an outer wall opposite the inner wall, said walls being separated 
by the total thickness of the shell mold, wherein the mat is positioned within 
about 10% to about 25% of the thickness from the outer wall. 

12. The shell mold of daim 1 , comprising at least two of the ceramic-based 
15 mats, wherein each mat is disposed in a different set of the alternate, 

repeating layers of coating material and stucco. 

13. The shell mold of claim 1. wherein the ceramic-based mat has a 
thickness of about 25 microns to about 200 microns. 

14. The shell mold of dalm 1, wherein the alternate, repeating layers of 
20 ceramic coating material and ceramic stucco comprise a first layer of coating 

material and stucco, and then successive layers of coating material and 
stucco, and wherein the average size of ceramic parUdes within the first layer 
of ceramic stucco is less than about 200 microns. 

1 5. A ceramic casting shell mold having a pre-seleded shape, comprising 
25 repeating layers of a ceramte material which define the thickness and shape 

of the mold, and a ceramic-based mat disposed in the layers of ceramic 
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material, said mat also confomiing to tlie shape of tlie mold and providing 
structural reinforcement thereto. 

16. The shell mold of daim 15, wherein the ceramic-based mat comprises 
fibers having a bi-directional orientation. 

5 17. The shell mold of claim 15, wherein the ceramic material of the 
repeating layers and of the mat comprises alumina. 

1 8. The shell mold of claim 1 5, wherein the ceramic-based mat is disposed 
at a position off-center of the wall-thickness of the mold. 

1 9. The shell mold of claim 1 5. having a total wall thickness in the range of 
1 0 about 0.50 cm to about 2.50 cm. 

20. A method tor making a ceramic casting shell mold, comprising the 
steps of. 

(I) applying a ceramic^based reinforcement mat to a ceramic layer- 
surface of a partial shell mold formed by applying successive ceramic layers 

15 over one another 

(II) completing the shell mold by applying additional ceramic layers over 
the reinforcement mat; and then 

(III) firing the shell mold at an elevated temperature. 

21. A method for making a ceramic investment casting shell mold, 
20 comprising the steps of. 

(i) preparing a slurry of a ceramic material; 

(ii) applying a layer of the ceramic slurry to a wax pattern of a pre- 
selected shape of a metal to be cast into the mold; 
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(iil) applying a layer of a ceramic-based stucco aggregate on the layer of 
the slurry; 

(iv) repeating steps (ii) and (iii) as often as necessary to provide a partial 
shell mold having a pre-seleded, intermediate thicl<ness; 

(V) applying a ceramic^jased mat to the exterior surface of the partial 
shell mold, said mat substantially conforming thereto; 

(vl) building up the partial shell mold to the desired thickness of a full shell 
mold by repeating steps (ii) and (ill) over the ceramic-based mat; and 

(vii) removing the wax and firing the shell mold to provide it with a desired 
level of tensile strength. 

22. The method of claim 21, wherein the ceramic-based mat comprises 
fibers having a bi-directional orientation. 

23 The method of claim 21, wherein the ceramic-based mat is applied at a 
position off-center of the desired thickness of the full shell mold. 

24. A shell mold prepared by the method of claim 21 . 

25. A metal- or metal alloy component cast in the shell mold of claim 24. 

26. A turbine engine component prepared from the metal- or metal alloy 
component of claim 25. 
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